Background: A major challenge for effective pharmacotherapy in pain management is to provide the drug best suited to the patient's innate characteristics.
OpiOid pharmacOkinetics and cYp2d6
We now have the ability to reliably assess the variation in the CYP2D6 gene (12) . CYP2D6 is a hypervariable and hypermutable gene critically relevant to the pharmacogenetics of psychiatric and pain medications (13) . CYP2D6 function is a major determinant of therapeutic response to opioids. CYP2D6 manifests duplications, rearrangements, deletions, and highly diverse haplotypes opioid prescription. It is being written by 2 physicians, 1 experienced in pain management for 20 years, and the other an expert in clinical pharmacogenetics, with the intention of illustrating the fundamental considerations that should be implemented now for geneticallyguided opioid management in contemporary practice.
There are many scenarios in which opioids may still be a beneficial treatment for pain, such as for postsurgical or debilitating chronic pain according to recent guidelines (1) (2) (3) . In light of the recent opioid crisis, effectively treating this population of patients poses a quandary for the pain physician. We must ensure access to opioids for patients when it is medically warranted. But this access must be accomplished in a safe manner that prevents progression of the normal physiological dependence to pathological addictive disorders (4) . Personalization could be valuable in curbing the opioid crisis, and genetics is a fundamental component of that personalization.
Genetic VariatiOn and OpiOid therapY
Variability in pharmacokinetics and pharmacodynamics is evidenced at the molecular level by genetic polymorphism. The medical adages describing pharmacokinetics as "what the body does to the drug," and pharmacodynamics as "what the drug does to the body" remain useful concepts. Xenobiotic enzymes such as the cytochrome P450 (CYP450) family are the primary oxidative metabolizers of most drugs. Receptors to endogenous ligands such as the endorphins are the primary targets of opioids.
Genetic variability has accumulated in humans The cytochrome p450 2D6 isoenzyme, coded by the CYP2D6 gene and expressed primarily in the liver, is the enzyme primarily responsible for activation of opioid prodrugs (e.g., codeine, oxydocone) and deactivation of CYP2D6-substrate opioid drugs (e.g., meperidine). The μ1 opioid receptor, coded by the OPRM1 gene and expressed primarily in the brain, is the main target of both β-endorphins and opioid drugs (e.g., morphine, fentanyl, and methadone).
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Clinical Pharmacogenetics of Opioids which characterize this gene (14) . Besides the molecular complexity, there has been inconsistent assignment of function and nomenclature to the phenotypes (e.g. poor, intermediate, extensive, ultra-rapid) which has retarded widespread use of CYP2D6 genotyping (15) . Many of the polymorphisms are bona fide mutations since these render the protein ineffectual (16) . Such CYP2D6 mutations are *3, *4, *4XN, *5 (deletion), *6, *7, *8, *11, *12, *14, *15 and account for a combined frequency of 20% in a referred population of 2406 primary care and psychiatric patients (17) . There are gene expansions that confer ultra-rapid CYP2D6 metabolizer status (*1XN, *2XN), accounting for 3% in the same cohort resolved at high resolution by expert haplotyping procedures (17) . Both null and expansion alleles, at 23% combined total frequency, are dysfunctional, as these bring metabolizer phenotypes to the extremes of function, poor and ultra-rapid, respectively. Thus, we prefer a simpler functional logic instead that combines all the null mutations and gene expansions of CYP2D6 into a dysfunctional allele category which allows a heuristic application, and direct guidance for the clinician. There are 3 practical functional CYP2D6 phenotypes in our logic: normal, subnormal and dysfunctional. The phenotypes, allele configurations, and estimated prevalences based on the Hardy-Weinberg law are as follows:
 CYP2D6 Functional (neither CYP2D6 allele is null or ultra-rapid) at 60% of the population,  CYP2D6 Subnormal (one CYP2D6 allele is null, the other normal) at 30%,  CYP2D6 Dysfunctional (both CYP2D6 alleles are null or at least one is ultra-rapid) at 10%.
In the context of prescribing opioids for pain management, determination of CYP2D6 gene variation is key to understanding inherent suitability of the patient, because of the effects of variants on drug metabolism. It has been shown that opioids have adverse events in patients at both extremes of function, ultra-rapid (18, 19) and poor (20) . Further, in a survey of CYP2D6 metabolizer status at a specialized pain treatment center, it was found that these extremes tended to be enriched in the referred populations (21) . It is for this reason, that we consider both metabolizer extremes (ultra-rapid and poor) as dysfunctional and recommend that CYP2D6 substrate drugs and prodrugs be avoided in these patients.
Codeine, oxycodone, hydrocodone, and tramadol are opioid prodrugs with limited analgesic effect on their own as ingested. These prodrugs require hepatic CYP2D6 conversion to their most active metabolite to exert analgesia ( Fig. 2) . A CYP2D6 poor metabolizer obtains hardly any pain relief from the opioid prodrugs. For meperidine, which is an opioid drug primarily metabolized by CYP2D6 to an inactive metabolite, an ultra-rapid metabolizer would obtain less pain relief than a patient with normal function. Morphine and methadone are minor substrates for CYP2D6 also deactivated by CYP2D6 but partially, and likely less effective in ultra-rapid metabolizers. Whether an opioid is a CYP2D6 prodrug or drug, the results in dysfunctional analgesic effects on patients is at the extremes of CYP2D6 functional status. The ultra-rapid status presents unique risks for opioid treatments. For ultra-rapid metabolizers, prodrugs are metabolized in a burst as a bolus of active metabolite, producing serious side effects such as respiratory depression, and at best an unsustainable response. The ultra-rapid status results in immediate breakdown, which prevents the attainment of therapeutic, steadystate drug concentrations.
Published cases of opioid toxicity due to codeine prescription in CYP2D6 ultra-rapid metabolizers are illustrative of this risk. In one non-lethal case, a cancer patient with pneumonia given codeine for cough suppression went into respiratory arrest. Genotyping characterized the patient as a CYP2D6 ultra-rapid metabolizer with a functional gene expansion. Death was averted when the patient was treated with naloxone and fully recovered (22) . In a tragic case, the newborn of a mother taking codeine died 13 days after birth. It was determined that breast milk from the mother, who was a CYP2D6 ultra-rapid metabolizer (with a functional gene duplication), was the inadvertent source of lethal doses of morphine (codeine's metabolite) to the baby (23) . It has been suggested that codeine should be avoided by breast-feeding mothers who are ultra-rapid metabolizers of CYP2D6. The safety profile of codeine was reevaluated, and the FDA issued a Black-box warning on codeine use in nursing mothers.
For the drugs metabolized to an inactive moiety, a rapid metabolizer obtains much less pain relief than a normal metabolizer. Rapid metabolizer patients may also evidence unusual psychiatric symptoms of opioid intoxication after codeine, hydrocodone, or oxycodone such as nervousness, restlessness, confusion, hallucinations, or paradoxical stimulation. In cases of dysfunctional CYP2D6, opioids or alternative analgesics which www.painphysicianjournal.com are not primary substrates of CYP2D6 should be considered. Opioids which are not CYP2D6 substrates include oxymorphone, hydromorphone, and buprenorphine ( Fig. 3 ).
OpiOid pharmacOdYnamics and Oprm1
It is becoming evident that pharmacodynamic genetic variants contribute to the development of opioid dependence. The μ opioid receptor is the main target of both endogenous and clinically used opioids, such as oxycodone, their antagonists such as naltrexone, and an important mediator of drug dependence and opioid-induced respiratory depression (24) . The μ1opioid receptor gene is the most widely studied gene in association with different aspects of chronic pain.
The μ1 opioid receptor gene (OPRM1) that codes for this receptor has a functionally significant and common variant termed A118G (rs1799971) (25) . This single nucleotide polymorphism (SNP) in exon 1 of the gene causes transition of an adenine (A) nucleotide to guanine (G) at base 118. In turn, the A118G transition at the DNA sequence causes the amino acid exchange at residue 40 of the μ opioid receptor protein from the normal asparagine (Asn) to an abnormal aspartic acid (Asp) residue (Asn40Asp).
The Asp40 isoform of the receptor does not carry a N-glycosylation site in the extracellular region of the receptor, which reduces expression of the isoform at the cell surface, decreases μ-receptor binding potential in the brain, and increases morphine requirement (26) . Significant reduction in effectivity of subsequent signaling pathways after the binding of specific agonists has been observed. The rate of G-protein coupling in carriers of the G allele is only half of that of AA homozygotes.
The global average frequency of the abnormal G allele is ~20%, but with a wide population-specific range from 3% in individuals of African descent to nearly 50% in those of Asian descent. The phenotypes, allele configurations, and estimated prevalences based on the Hardy-Weinberg law are as follows for a G allele frequency of 20%: Several studies show evidence that having at least 1 copy of the G allele (AG or GG) is associated with lower pain threshold, and higher opioid consumption in post-operative patients. Thus, this common protein coding polymorphism found in OPRM1 could render a patient less sensitive to opioid analgesic effects, and more prone to dependence (27) . In various clinical scenarios, patients with the G risk allele (Asp), rather than the normal A allele (Asn), appeared less sensitive to opioid medications. It is a trait that negatively could affect patient outcomes to opioid treatments.
clinical cOnsideratiOns and decisiOn suppOrt
We prefer heuristic grounds and "rules of thumb" for integrating these results based on basic principles of pharmacokinetics and pharmacodynamics. The rationale is based on observing the combinatorial configura-tions of CYP2D6 and OPRM1 in a given patient (Table  1) . Considering the 3 functional states for each CYP2D6 and OPRM1 gene, there are 9 combinatorial categories.
 If a patient has functional CYP2D6 and OPRM1 phenotypes, the physician has carte blanche to implement judgment and experience garnered from previous patients.  When CYP2D6 is subnormal in a patient, we suggest implementing dosing restrictions determined by whether the medication is a drug or prodrug. If CYP2D6 is dysfunctional, we recommend non-CYP2D6 substrate drugs.  When a patient has OPRM1 subnormal or dysfunctional, the patient is less likely to benefit from opioids. There would be a higher incidence of side effects and dependence risk as well for these patients. We carefully monitor opioid doses in OPRM1 subnormal patients.
One would avoid escalating opioid doses if a patient reports inadequate pain relief. We recommend avoid- Drugs which are not substrates of CYP2D6 are not metabolized by CYP2D6 and are thus neither activated nor deactivated by the enzyme. Non-CYP2D6 dependent drugs should be considered preferentially in patients with dysfunctional CYP2D6 status. Examples of non-CYP2D6 substrate opioids include oxymorphone, hydromorphone, buprenorphine, naloxone, levorphanol, fentanyl, and remifentanil. These drugs still require monitoring for interactions with other drugs and diet, and the functional status of the patient for the opioid receptor OPRM1. These drugs may be preferred for individuals with dysfunctional CYP2D6 profiles. (Chemical structures are from respective pages for each compound in Wikipedia.) www.painphysicianjournal.com ing opioids altogether in OPRM1 dysfunctional patients and rely on non-opioids. Alternative electrophysiological and psychological therapies could be most useful in patients for whom drug therapy with opioids is ineffective or unsafe. Fortunately, modern pain management does also afford non-pharmacological treatments.
We can summarize these approaches into 3 clinical categories and priorities for genetically-guided opioid management.
 Clinical Category and Priority #1. Patients at high-risk with dysfunctional CYP2D6 or OPRM1 account for ~14% of the population [categories 3 (6.4%), 6 (3.2%), 7 (2.4%), 8 (1.2%), 9 (0.4%) in Table 1 ]. These patients must be identified early, and may be treated with alternatives to opioids.  Clinical Category and Priority #2. Patients requiring opioid dose adjustment with subnormal CYP2D6 or OPRM1 account for ~48% of the population [categories 2 (19.2%), 4 (19.2%), 5 (9.6%) in Table 1 ]. These patients are important to recognize for adjustments in opioid selection, dosing, and monitoring of response.  Clinical Category and Priority #3. Patients likely to respond to standard opioid prescription and dosing with functional CYP2D6 and OPRM1 account for ~38% of the population [category 1 (38.4%) in Table 1 ]. These are the patients who would suffer the most if disqualified from opioid therapy based on uninformed draconian prescription restrictions.
Green indicates a Functional status for the gene (CYP2D6 --neither allele is null or ultra-rapid; OPRM1 --both alleles are normal, AA). Yellow indicates Subnormal status (CYP2D6 --one allele is null, the other normal; OPRM1 --one allele is abnormal, the other normal, AG). Red indicates Dysfunctional status (CYP2D6 --both alleles are null or at least one is ultra-rapid; OPRM1 --both alleles are abnormal, GG). Guidance is provided for prescription, dosing, and selection of opioids, based on the combinatorial functional configuration. The estimated prevalence of each combinatorial configuration is based on the multiplication of individual frequencies for the functional categories of both genes (CYP2D6 X OPRM1). The CYP2D6 enzyme is the primary activator of codeine, oxycodone, hydrocodone, and tramadol, which are termed prodrugs because their metabolites are more potent analgesics than the parent molecule. CYP2D6 is the primary inactivator of meperidine and a minor one of morphine and methadone, which are therefore conventional drugs, more potent than any of their respective metabolites. 
Gene-enVirOnment interactiOns
Personalizing pain management requires screening not only for opioid genetic alterations in the patient but also for interfacing environmental triggers that interact with the gene targets. Drug and diet interactions with metabolism inhibitors and inducers are the preeminent environmental modifiers in the pharmacokinetic dimension. Co-prescription of any CYP2D6 strong inhibitors could generate an equivalent subnormal or dysfunctional phenotype and should be safeguarded with caution when opioids are being prescribed (28) (29) (30) . Strong CYP2D6 inhibitors include antidepressants (e.g., bupropion, fluoxetine, paroxetine), antifungals (e.g., ketoconazole, miconazole) and antivirals (e.g., delavirdine, ritonavir). Dietary interactions are also significant, particularly with herbals (31) (32) (33) . Some common dietary supplements interact with CYP450 and inhibit CYP2D6 (e.g., sesamin, turmeric). Lotus herbals (e.g., cosmetics, teas) significantly inhibit CYP2D6.
There are important clinical correlations that should provide the pharmacodynamic dimension for assessing opioid tolerance and dependence. Validated patient outcomes tools for pain management include the PEG-3 (Pain, Enjoyment, General Activity) Scale, COMM-9 (Current Opioid Misuse Measure), and SOAPP (Screener and Opioid Assessment for Patients with Pain) (34) (35) (36) (37) . As with all clinical symptoms, these represent the environmental modifiers. The genetic analysis offers perspective on the innate constitution of the individual as a baseline on which to superimpose environmental effects.
Toxicology urine drug screens are routine and valuable for monitoring the composite of environmental and clinical determinants of a patient's treatment. However, these are not sufficient for monitoring opioids to determine the patient's compliance or dependence. Even when performed at high resolution with mass spectrometry, urine toxicology will not be useful for phenotype-to-genotype correlations until the toxicology and genetic data are integrated into a clinical decision support system. Because of individual CYP2D6 metabolizer status, a fully compliant patient who is an ultra-rapid metabolizer could test negative for an opioid while a poor metabolizer could test consistently above the normal range.
limitatiOns in scOpe fOr future cOnsideratiOn
In integrating pharmacokinetics and pharmacodynamics, this article has considered some very complex pathways of drug metabolism and activation while obviating others. The role of CYP3A4 in opioid metabolism is very significant for fentanyl, which is a major substrate, and secondary to CYP2D6 for codeine, hydrocodone, oxycodone and tramadol (38) . CYP3A4 enzyme can be inhibited and the gene induced by multiple other drugs and diet. For example, macrolide antibiotics, azole antifungals, protease inhibitors and citrus juices are strong inhibitors, while rifamycins and anticonvulsants are strong inducers (5) . CYP3A4 is far less genetically variable than CYP2D6, and is best managed by monitoring inhibitors and inducers that may be co-prescribed. This dimension is outside the scope of this article focused on genetic variation, but will be broached in a future review.
This article addressed only Phase I pharmacokinetics, and did not included consideration of Phase II and glucuronidation. In this domain, uridine diphosphoglucuronosyltransferase 2B7 (UGT2B7) is the predominant enzyme responsible for the glucuronidation of morphine to morphine-6-glucuronide (M6G) and morphine-3-glucuronide (M3G). The analgesic properties of morphine are enhanced by M6G and reduced by M3G. Polymorphisms in the gene encoding UGT2B7 may, therefore, have pharmacological, toxicological, and physiological significance (39) .
As an example of the critical role of CYP2D6 genetic variation over CYP3A4 and UGT2B7, is the fact that the Clinical Pharmacogenetics Implementation Consortium guidance on opioids and CYP2D6 has a clear delineation of ultra-rapid and poor CYP2D6 function as a major risk for codeine prescription (40) . The guidance advises avoiding codeine altogether for patients with these extreme phenotypes, and suggests that to avoid treatment complications "opioids that are not metabolized by CYP2D6, including morphine, oxymorphone, buprenorphine, fentanyl, methadone, and hydromorphone, along with nonopioid analgesics, may be considered as alternatives for use in CYP2D6 poor and ultrarapid metabolizers". It further cautions that "tramadol and, to a lesser extent, hydrocodone and oxycodone are not good alternatives because their metabolism is affected by CYP2D6 activity."
The classical distinction between pro-drugs and drugs rarely applies absolutely to opioids because both the precursor molecule and the metabolite are pharmacologically active to some degree. Nevertheless, CYP2D6 is the primary activator of codeine, oxycodone, hydrocodone, and tramadol whose metabolites are more potent analgesics than the parent molecule. Conwww.painphysicianjournal.com versely, CYP3A4 is not involved in any conversion of a parent opioid to a more potent metabolite. Hence, for this initial exploration of genetic guidance for opioid prescription, CYP2D6 is the gene whose polymorphisms are of greatest clinical importance.
Further Research and Multi-gene Panels
There is promising research indicating that other CYP450 genes (e.g., CYP3A4), opioid receptors (e.g., δand κreceptors; genes OPRD1, OPRK1) and dopaminergic targets (e.g., dopamine receptor D2, transporter, and β-hydroxylase; genes DRD2, SLC6A3, DBH) may also contribute to a multi-gene model of response (41) (42) (43) . However, functional variability in CYYP3A4 is primarily dependent on inhibition or induction by other drugs, rather than genetic polymorphism (5) . Further, it has been demonstrated that among the opioid receptors, OPRM1 is the predominant predictor of opioid dependence. OPRM1 was involved in 17 of 18 models derived to predict opioid dependence (and in all the 10 most statistically significant ones), while OPRD1 was involved in 13, and OPRK1 in 6 (44) .
Including more genes in a model does not necessarily mean better prediction (45) . As the roster of genes is increased, so do the possible environmental modifiers and disease comorbidities which may mask the innate gene effect of less predictive genes (46) (47) . Hence, multi-gene models invariably require very large populations to determine and validate the appropriate coefficients for each gene in a predictive matrix.
Some of these gene panels and interpretative algorithms are available in the market from commercial vendors (48) . While genetic approaches may be represented in the commercial marketplace as a panacea, we believe physicians should also be informed about the inherent predictive limitations in models from vendors of multi-gene panels. Unfortunately many of the algorithms in the market are maintained as trade secrets by the vendors, rendering it impossible for the physician to assess the predictive power or validity of the components in what effectively is a "black box." Such overmarketing eventually backfires because uninformed utilization, and increased costs lead to restrictions in coverage by insurance companies, and to limitations in access for clinicians and patients.
Thus, even when such a multi-gene model has been obtained for a patient, we recommend that the physician consider each gene result individually. The configuration of the main opioid pharmacokinetic and pharmacodynamic genes, CYP2D6 and OPRM1, should be assessed carefully because these remain the genes with the highest effect size and clinically predictive value based on the functional status as derived from their respective genotypes.
Personalization of Regimens to Combat the Opioid Crisis
Personalization is important for all patients, but essential for those requiring preparation for starting or reversing a regimen of high-dose opioids or an unusual combination of agents. According to the National Center for Health Statistics, more than 63,600 lives were lost to drug overdose in 2016, the most lethal year yet of the drug overdose epidemic. Most of those deaths, 42,249 fatalities or 66%, involved opioids (including heroin overdoses). Opioid abuse is the leading cause of mortality for people under age 50 (49) .
The current opioid crisis represents an alarming shift in the real outcomes of pain management from the patient's improvement in quality of life to iatrogenic drug dependence and addiction (50) (51) (52) . Integral to the efficient and effective remediation of this crisis is the practice of personalized pain management, defined as the integrative assessment of clinical and genetic data for each individual. Legislative or legal moratoria on opioid use without prescription personalization can harm the public health at large by preventing physicians from treating the patients who can be genetically predicted to benefit the most from an important medication class.
Cost-benefit considerations of pharmacogenetic testing should recognize the current reality that many primary care physicians are resistant to treating pain patients and are opting to refer the patients to pain management specialty clinics. The evidence for the cost-effectiveness of pharmacogenetic testing relies on modeling potential savings versus the cost of genotyping. Currently, the current cost of genotyping hovers at ~$500 per patient, which is high (21) . However, genotyping can be effective when its cost is counterbalanced by savings in the health care system and services. Studies examining clinic and prescription usage are under consideration. Drug waste from prescription changes, and therapeutic management complications stemming from dysfunctional status could be avoided by pharmacogenetic guidance. The savings realized from genotyping could amortize the cost of testing, which itself is likely to come down. It is possible to devise clinical criteria to select patients for genotyping and limit the testing initially to those with opioid intolerance, side effects or ineffectiveness to reduce the total cost of genotyping. The current claim-based reimbursement restrictions on a per test basis remain a hurdle to the widespread implementation of gene-guided pain management. We foresee that evolving models for valuebased reimbursement may remedy this problem, as genotyping becomes incorporated into the total package of care, including costs, revenue and profit.
Data storage, health informatics and reporting system that enable physicians to access patient outcomes and test results immediately following completion of treatments and laboratory processing are necessary for the personalization of pain management. Such immediate and interactive presentation of outcomes and test results in an unambiguous, accessible and clinically actionable format will facilitate the translation of clinical data and laboratory results (including toxicology and genetics) to personalized pain management.
We have discussed practical guidelines for implementation of CYP2D6 and OPRM1 polymorphisms for genetically-guided opioid prescription. Within the realm of utility, genetic predictions of opioid pharmacokinetcs and pharmacodynamics are among the most accurate and clinically actionable because these reflect drug-gene interactions. These offer risk-management stratification to safeguard the patients who are least likely to benefit from opioids or who require a greater degree of oversight and monitoring while on opioids while identifying the others who are likely to respond and may be deprived of the most potential benefit if opioids are unduly restricted.
cOnclusiOn
In conclusion, we posit that the personalization of pain management offers a new promising dimension that has been overlooked so far when confrontingthe opioid crisis, and that genetics is a key component of that personalization. Genetics offers objective information on the innate baseline of the individual, upon which clinical characteristics and environmental modifiers could be integrated. The potential impact is a substantial reduction of dependence, and an increased efficacy of pharmacotherapy in the field of pain management.
